A bacterial gene encoding mannitol-lphosphate dehydrogenase, mtlD, was engineered for expression in higher plants. Gene constructions were stably incorporated into tobacco plants. The mtlD gene was expressed and translated into a functional enzyme in tobacco, resulting in the synthesis and accumulation of mannitol, which was identified by NMR and mass spectroscopy. Mannitol concentrations exceeded 6 jumol/g (fresh weight) in the leaves and in the roots of some transformants, whereas this sugar alcohol was not detected in these organs of wild-type tobacco plants or of untransformed tobacco plants that underwent the same regeneration scheme. These experiments demonstrate that branchpoints in plant carbohydrate metabolism can be generated by which novel gene products can utilize endogenous substrates to divert metabolic energy into novel compounds. Additionally, the system described here allows for physiological studies in which the responses of wild-type and transgenic tobacco to various environmental stimuli can be compared directly. Such studies will facilitate our understanding of the roles of sugar alcohols (e.g., in stress tolerance) in higher plants.
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Metabolic engineering (1) was examined as an approach to gain insight into the roles of sugar alcohols or polyols in higher plants. These simple carbohydrates are widely distributed among organisms including bacteria, algae, fungi, higher plants, insects, and mammals (2) (3) (4) (5) . In plants, the importance of sugar alcohols is reflected by the estimation that metabolism of these compounds, rather than that of sugars, contributes to about 30% of the annual global primary carbon production (4) . Some sugar alcohols, notably mannitol and sorbitol, are major photosynthetic products of, and can accumulate to high levels in, various higher plant species (3, 4, 6) . These sugar alcohols are relatively widespread in higher plants, with mannitol, for example, having been detected in over 50 families (3) . Mannitol and sorbitol are also translocated by some higher plant species (e.g., ref. 7) , indicating a role as a storage compound. Other sugar alcohols, such as dulcitol and ribitol, are considerably less prevalent in higher plants and are apparently characteristic of species representing only a few families (3, 4) .
The functions of sugar alcohols in higher plants (and organisms in general) are not clear. A commonly held belief is that these compounds may confer beneficial traits on those species where they are found, rather than being simply intermediates of carbohydrate metabolism. Suggested physiological roles for sugar alcohols include osmoregulation (3, 8) and service as compatible solutes (5, 9) , storage of reduced carbon and energy (3), regulation of coenzymes (3, 10) , and neutralization of hydroxyl radicals (11) . Evidence supporting these roles for sugar alcohols has been obtained primarily with fungi and animals; only limited studies exist regarding the functions of these compounds in higher plants (12) (13) (14) (15) (16) (17) .
It seemed possible, by means of gene engineering, to attempt genetic alterations in carbohydrate metabolic pathways that would result in the partial diversion of carbon and energy flow from metabolites recognized by the host organism to products foreign to the organism. Gene engineering of higher-plant carbohydrate metabolism has been virtually unexplored, with the exception of the overproduction of a yeast invertase (18) (19) (20) .
In this report, we demonstrate the stable introduction of the Escherichia coli mtlD gene into tobacco. This gene encodes mannitol-1-phosphate dehydrogenase (EC 1.1.1.17) and its expression in E. coli leads to mannitol catabolism. We show that mannitol-l-phosphate dehydrogenase functions anabolically in transgenic tobacco, resulting in the production and the accumulation of mannitol in these plants. This sugar alcohol was not detected in control plants. These data indicate that basic changes in native carbohydrate metabolic pathways of higher plants can lead to the production of novel compounds. Additionally, the system described here will provide insight into sugar-alcohol function in higher plants by allowing the direct comparison of various physiological responses from transgenic plants with those of control plants.
MATERIALS AND METHODS
Plasmid Construction. Standard techniques were used for gene construction (21) . The 1.5-kilobase-pair (kbp) Nsi I-Pst I fragment containing the coding region for the E. coli mtlD gene and a 150-bp untranslated leader from plasmid pCD7.5 (22) was subcloned into the Pst I site of the expression vector pUC8CaMVCAT [unpublished, but similar to pCaMVNEO (23) (25) . Tobacco (Nicotiana tabacum cv. SR1) transformation and regeneration were performed as described (26, 27) . Following rooting and selection by kanamycin in axenic culture, some plantlets were transferred to soil and greenhouse-cultured (21/240C night/day temperature), whereas others were assayed directly for carbohydrates (see below). Plants in soil were watered daily and supplemented weekly with Hoagland's nutrient solution. Primary transformants (FO) containing PCaMv gene constructs were allowed to flower, and the transformants were then selfed. Seeds (n = 100) from the selfed transformants were selected by resistance to kanamycin in root-inducing medium, and surviving plantlets (F1) were transferred to soil and cultured as before. (Fig. 1) B and C). No peak corresponding to the retention time for mannitol was detected in extracts ofcontrol leaves (profile A, arrow). Because mannitol is an indirect product of the reaction catalyzed by mannitol-1-phosphate dehydrogenase, we confirmed by NMR (Fig. 3 ) and mass spectroscopy (data not shown) that the peak corresponding to the retention time for mannitol in extracts of transformants was mannitol. Mannitol was detected in leaf extracts of virtually all primary transformants examined (40 total), whereas the sugar alcohol was not detected in leaf extracts of control plants (30 plants examined).
For the transformant represented in Fig. 2 to soil and cultured in a greenhouse for 6 weeks. Fig. 4 shows typical levels found for mannitol and for sucrose in tobacco leaf tissues harvested at various developmental stages (as a function of leaf size). Mannitol contents were severalfold lower than those of sucrose at all leaf developmental stages. However, the trends in the levels of mannitol and sucrose among the different leaf developmental stages were similar; i.e., mannitol and sucrose levels were higher in younger, sink leaves and lower in the more mature, source leaves (fwt basis). In no case was mannitol detected in leaves of control plants.
Leaf and root samples from three F2 plants transformed with pCaMVMTLDL and cultured for 6 weeks in a hydroponics system were harvested and extracted. Extracts were then analyzed by HPAE-PAD and quantified. A comparison ofthe mannitol contents from expanding leaves (6-7 cm long) and from fully expanded leaves (19-21 long) ( Table 1) indicated that the trend observed for mannitol accumulation in leaves of FO plants (Fig. 4) 
DISCUSSION
Metabolic engineering is an approach by which cellular activities can be altered through the use of recombinant DNA technology (1) . It seemed possible that this approach could be used to evaluate an apparent environmental adaptation in a nonadapted organism. To examine this possibility, we applied metabolic engineering toward evaluating the roles of sugar alcohols in higher plants by introducing the E. coli gene mtlD into tobacco. As a result of this basic genetic manipulation in tobacco, reduced carbon and cellular energy (i.e., NADH) were partially diverted to produce mannitol. To our knowledge, this sugar alcohol has not previously been detected in tobacco. This study demonstrates that branchpoints in higher-plant carbohydrate metabolism can be generated by which novel gene products can utilize endogenous substrates to divert metabolic energy into novel compounds.
In E. coli, mtlD expression leads to mannitol catabolism. The pathway involves phosphorylation of mannitol to mannitol 1-phosphate, which is oxidized to fructose 6-phosphate by the mtlD product (Fig. 5) (13, 14) . Studies of sugar alcohols in general have shown that these compounds accumulate in many higher plant species in response to water or salt stress (see ref. 8 for review). Furthermore, in vitro experiments with enzyme extracts of higher plants have indicated that sugar alcohols may alleviate the effects of temperature on protein lability (14, 15) . However, such physiological experiments, by their design, rely on pathways that are endogenous to the plants studied. The results can give only correlative, circumstantial evidence for the role of sugar alcohols in, for example, environmental stress protection. The tobacco model system described here makes possible the evaluation of the significance of sugar-alcohol production in plants, because tobacco has stress responses typical of glycophytes.
